Abstract 20
Extracellular release (ER) by phytoplankton is the major source of fresh dissolved organic 21 carbon (DOC) in marine ecosystems and accompanies primary production during all growth 22 phases. Little is known, so far, on size and composition of released molecules, and to which 23 extent ER occurs passively, by leakage, or actively, by exudation. Here, we report on ER by 24 the widespread and bloom-forming coccolithophore Emiliania huxleyi grown under steady 25 state conditions in phosphorus controlled chemostats (N:P=29, growth rate of µ=0.2 d -1 ) at 26 present day and high CO 2 concentrations.
14 C incubations were accomplished to determine 27 primary production (PP), comprised by particulate (PO 14 C) and dissolved organic carbon 28 (DO 14 C). Concentration and composition of particulate combined carbohydrates (pCCHO), 29
and of high molecular weight (>1 kDa, HMW) dissolved combined carbohydrates (dCCHO) 30 were determined by ion chromatography. Information on size distribution of ER products 31 was obtained by investigating distinct size classes (<0.40 µm (DO 14 C), <0.45 µm (HMW-32 dCCHO), <1000 kDa, <100 kDa and <10 kDa) of DO 14 C and HMW-dCCHO. Our results 33 revealed relatively low ER during steady state growth, corresponding to ~4.5% of primary 34 production, and similar ER rates for all size classes. Acidic sugars had a significant share on 35 freshly produced pCCHO as well as on HMW-dCCHO. While pCCHO and the smallest size 36
Introduction 49
The global ocean inventory of dissolved organic carbon (DOC) is estimated to be in a range 50 of 662 -700 Gt (Hansell and Carlson 1998, Ogawa and Tanoue 2003) . A common 51 classification of marine DOC relies on its reactivity and discriminates between labile 52 of quantity and quality. Moreover, phytoplankton cells display a large physiological plasticity 119 for nutrient requirements, i.e. the nutrient cell quota, which varies with environmental 120 conditions or among different taxonomic groups (Geider and LaRoche, 2002) . 121
Despite their role in marine carbon cycling, processes involved in the production, 122 consumption and remineralisation of extracellular organic matter are little understood and 123 have largely been neglected in biogeochemical models (Flynn et al., 2008 , Repeta & 124 Aluwihare, 2006 Hansell et al., 2009 , Hansell, 2013 . So far, it is not known if extracellular 125 products are mainly released by leakage or by exudation processes, or how much leakage and 126 exudation products differ. We also don't know if and how the physiological status of the cell 127 influences the composition of extracellular products, and whether or not such differences in 128 chemical signatures subsequently affect their microbial cycling, remineralisation rate, or 129 affinity to form gel particles. 130
131
In order to improve our understanding on ER, we conducted a chemostat experiment with E. 132 huxleyi under fully controlled nutrient supply and growth rate. Emiliania huxleyi is a bloom 133 forming cosmopolitan coccolithophore species, and known to produce a methylated, acidic 134 polysaccharide that plays a central role in coccolith formation and agglutination (Fichtinger-135 Schepmann, 1979 . ER by E. huxleyi cells was reported earlier (Aluwihare 136 and Repeta 1999 , Biddanda and Benner 1997 , Borchard and Engel 2012 and carbohydrates 137 were shown to provide a substantial fraction of freshly produced HMW-DOC (35-94 %) 138 Repeta 1999, Biddanda and Benner 1997) . 139 140 This study was part of a larger experiment investigating carbon and nutrient cycling under 141 different pCO 2 conditions at steady state growth in E. huxleyi. No effect of the CO 2 treatment 142 was observed for elemental stoichiometry of cells as well as for TEP production (Engel et al. 143 2014) . This study focusses on primary production of POC and DOC by E. huxleyi (Gargas 1975) . few seconds they were rinsed with 10 ml filtered seawater. Filters were transferred to 6 ml 212 scintillation vials, 4 ml liquid scintillation cocktail (Ultima Gold AB) were added and 213 samples were stored overnight before being counted in a Packard Tri Carb Liquid 214 Scintillation Counter. Carbon incorporation rates were calculated in accordance to Borchard 215 and Engel (2012) . 216
For the determination of released dissolved organic carbon (DO 14 C), 4 ml of the filtrate were 217 transferred into 20 ml scintillation vials and acidified to pH <2 by the addition of 100 µl 1 M 218
HCl and left open under the fume hood for 24 hours. For size fractionation of DO 14 C, 219 triplicate sets of 10 ml sample were transferred into Macrosep ® centrifugal devices with 220 membrane cut off of <1000 kDa, <100 kDa and <10 kDa, respectively. After centrifugation 221 (Heraeus, Megafuge ® 1.0 R) for 15 min at 4000 rounds per minute, 4 ml sample were 222 transferred into 20 ml liquid scintillation vials. In the following, samples were treated as the 223 whole DO 14 C samples and after the outgassing of inorganic 14 C, 15 ml liquid scintillation 224 cocktail were added. Counting and calculations were accomplished after Borchard and Engel 225 (2012) . 226 Primary Production (PP) was derived from the sum of PO 14 C and DO 14 C. Concentrations of CCHO in these blanks were tested to be below the detection limit and did 242 therefore not affect analyses. 243
Prior to analysis, samples were desalinated by membrane dialysis (1 kDa MWCO, Spectra 244 Por) for 6 h at 0°C and thereafter hydrolyzed with HCl at a final concentration of 0.8 M for 245 20 h at 100°C to yield monomeric CHO. Samples were stored at -20°C over night and then 246 neutralized by acid evaporation (N 2 ) at 50°C. Dried samples were solubilised in ultra pure 247 water before determination of CHO monomers by high performance anion exchange 248 chromatography (HPAEC) coupled with pulsed amperometric detection (PAD) on a Dionex 249 ICS 3000 . A Dionex CarboPac PA10 guard column (2x50 mm) 250 coupled to a Dionex CarboPac PA10 analytical column (2x250 mm) was applied for 251 separation of fucose (Fuc), rhamnose (Rha), arabinose (Ara), galactosamine (GalN), 252 glucoseamine (GlcN), galactose (Gal), glucose (Glc), mannose/xylose (Man/Xyl) (quantified 253 together due to co-elution), galacturonic acid (Gal-URA) and glucuronic acid (Glc-URA). were tested by means of a t-test. Statistical significance was accepted for p<0.05. All 288 calculations were performed using the software package Sigma Plot 10.01 (SysStat). 289
Results 291

Growth, nutrients and carbonate chemistry 292
Growth and biogeochemical composition of Emiliania huxleyi as well as carbonate and 293 nutrient chemistry during this chemostat experiment are described in more detail in Engel et 294 al. (2014) . Briefly, on day 28 of the experiment, the steady state was reached with the 295 dilution rate (D) being equal to the growth rate (µ) of E. huxleyi. Cell abundances and basic 296 parameters such as particulate organic carbon (POC), nitrogen (PON), phosphorus (POP) and 297 chlorophyll a (chl a) remained constant until the end of the experiment proving the constant 298 physiological state of E. huxleyi ( Engel et al., 2014 -and PO 4 3-concentrations were below the detection limit in both treatments. P-305 limitation was likely more severe than N-limitation, given a nutrient supply N:P ratio of ~29 306 and indicated also by PON:POP ratios clearly >16 (Engel et al., 2014 and DO 14 C production rates in both chemostats are reflected in comparable percentages of 325 extracellular release (PER) of 4.42 ± 0.22 % (present day) and 4.70 ± 0.92 % (high CO 2 ) and 326 also for the size classes of DO 14 C no CO 2 effect was determined (Fig. 1 table 1 for definition) 346 also revealed a strong similarity between the present day and the high CO 2 treatment (Fig. 2,  347 t-tests, n=6, p>0.269) and are therefore given as average values in the following. In the 348 different size classes, HMW-dCCHO comprised between 29.5 ± 9.3 % (small) and 59.7 ± 349 17.2 % (Very large) of DO 14 C (Table 2) . Fig. 3a, right panel) . 361
Carbohydrate composition of exudates 362
Sugar monomers of three different types comprised the combined carbohydrates (CCHO) 363 determined during the present experiment: Neutral sugars (Fuc, Rha, Ara, Gal, Glc and 364 coeluting Man/Xyl), amino sugars (GalN and GlcN) and uronic acids (Gal-URA and Glc-365 URA). Various amounts of these monomers were detected in HMW-dCCHO of the initial 366 NSW used for the present experiment (Fig. 3b, left panel) . Size fractions of HMW-dCCHO 367 in NSW did not show any significant variation in monomeric composition (p>0.462). 368
However, relative to the other size fractions Man/Xyl was slightly enriched in small, while a 369 smaller proportion of Fuc was detected in this fraction. No significant differences in 370 monomeric composition of CCHO produced by Emiliania huxleyi were determined between 371 the present day and high CO 2 treatment (p>0.881). Therefore, average values are given for 372 replicate sampling during steady state growth and both treatments in the following (Fig. 3  373 and Table 3) . 374
ER by E. huxleyi led to a clear change in HMW-dCCHO composition of the NSW (Fig. 3b) ; 375 primarily caused by Ara being significantly higher (p<0.001) in all size classes, except for 376 small (Fig. 3b) . In HMW-dCCHO derived from E. huxleyi, Ara and Glc were the dominant 377 sugars with 46 and 21 Mol %, respectively followed by Gal-URA (11 Mol %), Man/Xyl (10 378
Mol %), Glc-URA (5.7 Mol %), Gal (4.6 Mol %) and Rha (2.4 Mol %) (Table 3 and Fig. 3b,  379 right panel). Proportions of other monomers comprised less than 0.5 mol % and declined in 380 the following order: Fuc > GalN > GlcN (Table 3 ). In pCCHO, Glc was the most abundant 381 sugar (74 ± 4 Mol %), followed by Rha (6.6 ± 0.8 Mol %) and Gal-URA (5.2 ± 0.7 Mol %). 382
Man/Xyl, Ara and Glc-URA ranged between 3.2 ±1.7 and 4.2 ± 1.0 Mol % while Fuc and the 383 amino sugars GalN and GlcN contributed only a minor fraction (<0.5 Mol %) to pCCHO 384 (Table 3) . 385
Hence, composition of pCCHO was substantially different from the composition determined 386 for freshly produced HMW-dCCHO (p<0.002), except for the proportions of Gal and Glc-387 URA. This difference is mainly attributed to a smaller proportion of Glc in the dissolved 388 fraction along with a more than 10 fold higher share of Ara and also higher proportions of 389
Man/Xyl and Gal-URA (Table 3) . 390
391
Carbohydrate composition of the investigated dCCHO size fractions was significantly 392 different also (p<0.002). Ara was dominant in very large, large, and medium HMW-dCCHO, 393 but not in the small fraction in which its contribution was significantly smaller than in all 394 other size classes (p<0.01). Most interestingly, the proportion of Glc increased with 395 decreasing size class, while the proportion of Gal-URA clearly decreased (Fig. 4) . In small, 396
Glc contribution was 80 ± 12 Mol % and significantly higher than in all other size classes of 397 HMW-dCCHO (p<0.002) ( Table 3) . Contribution of Glc to very large dCCHO was 398 negligible (<0.5 Mol %). In contrast, Gal-URA contributed 18 Mol % to very large, but only 399 1 Mol % to small. Proportions of Gal were also decreasing the smaller the HMW-dCCHO 400 size classes, albeit not as clearly as for Gal-URA. Gal ranged from 6 (very large) to <0. Biddanda and Benner 1997, Borchard and . The partitioning of 409 organic carbon between dissolved and particulate pool was shown earlier to be highly 410 influenced by environmental conditions such as light, temperature and nutrient supply 411 (Myklestad and Haug, 1972 , Zlotnik and Dubinsky 1989 , Staats et al., 2000 , Wetz and 412 Wheeler, 2007 . Nutrient depletion, however, seems to be the major factor leading to excess 413 DOC excretion from algae cells to the surrounding environment and was reported from a 414 variety of field and lab experiments (Fogg, 1983 , Wood and VanValen 1990 , Smith and 415 Underwood, 2000 , Lopez Sandoval 2010 . Extracellular release (ER) in the range from 416 0-80 % was reported over the past decades and only after a long lasting debate primarily 417 concerning methodological constraints (Sharp, 1977 , Mague, 1980 , Fogg, 1983 , Bjørnsen, 418 1988 , it is nowadays accepted, that ER is a normal function of healthy algae cells occurring 419 during all stages of growth. In exponentially growing cells in culture, ER typically ranges 420 between 2 and 10 %, while in natural marine environments ER is generally higher by 10-20 421 % (see Nagata, 2000 and references therein). A relatively constant percentage of extracellular 422 release (PER) of 20 % was reported for field samples over different ecosystems covering 423 oligotrophic and eutrophic regions (Marañón et al., 2005) . Increased PER (up to 37 %) 424 however, were observed for nutrient limited algae, during the transition period of exponential 425 to stationary growth and during senescence of natural phytoplankton communities (Lopez-426 Sandoval, 2010 , Engel et al. 2013 . In chemostats, despite the strict control of nutrient 427 supply and growth rate, cells still grow exponentially. A decoupling of carbon to nutrient 428 metabolism in continuous cultures can occur due to a change in growth rate (e.g. change the 429 inflow of nutrient media) and results in changes in the partitioning between dissolved and 430 particulate carbon pools, as shown with the same E. huxleyi strain (B 92/11) by Borchard and 431 Engel (2012) . In their study, down-regulation of the growth rate from µ=0. induced a slight increase in DO 14 C production, while the PO 14 C production was significantly 433 minimized, resulting in higher PER. Cells then adapted to the steady state and high PER 434 remained constant. During the present study, growth of E. huxleyi was also balanced to the 435 nutrient supply but cells were not exposed to any stress due to nutritional changes. Thus, 436 production of DO 14 C was not explicitly stimulated by changing experimental conditions, and, 437 albeit constantly P-limited, the cell normalized DO 14 C production of ~0.015 pmol C cell
represented an ER of ~4.5 %, well within the above mentioned range for non-stressed algae. 439
Full acclimation to environmental conditions during steady state growth may also explain the 440 absence of a CO 2 effect on primary production and exudation during this study, and shows 441 that E. huxleyi is in principle capable of acclimating to different CO 2 concentrations. Engel et 442 al. (2014) suggested that exudation may be more sensitive to changes in pCO 2 during 443 transient growth phase, such as towards the end of phytoplankton blooms, when cells become 444 nutrient limited. Indeed, significant responses of ER to changes in pCO 2 have mainly been 445 reported for phytoplankton blooms (Engel et al. 2013 ), batch and semi-continuous cultures 446 (Thornton 2009 , Barcelos e Ramos 2014), or when growing conditions changed during 447 chemostat studies (Borchard and Engel 2012) . 448 449
Combined carbohydrate production 450
HMW-dCCHO freshly produced by C. huxleyi during steady state growth represented about 451 40 % of freshly produced DO 14 C (Table 2 ). This is a lower estimate because low molecular 452 weight-DOC (<1 kDa, LMW) would be detected by the 14 C-incubation method (Steemann 453 Nielsen, 1952) during the determination of DO 14 C, but would escape the analysis of HMW-454 dCCHO due to the molecular cut off >1 kDa during desalinization of seawater samples 455 . In the surface ocean, HMW compounds of dissolved organic matter 456 (DOM) were found to be more abundant (30-35 %) compared to deeper waters (20-25 %) 457
and it was concluded that HMW-DOM inherits a higher reactivity and shorter lifetimes, 458 while LMW-DOM is rather refractory Benner, 1996, Ogawa and Tanoue, 2003) . 459
Major reaction processes of HMW compounds are heterotrophic degradation (Amon and 460 Benner, 1996 , Guo et al., 2002 , Aluwihare and Repeta, 1999 and gel particle formation 461 (Mari & Burd, 1998 , Leppard, 1995 , Passow, 2000 , Passow 2002 . 462
Thus, the HMW-DOM pool is directly linked to processes significant for organic carbon 463 dynamics, nutrient cycling and oxygen consumption in the ocean. Assembly and coagulation 464 of polymeric precursors has been proposed as mechanism leading to the formation of marine 465 gel particles, such as TEP. Specifically, divalent cation bridging of acidic sugars, such as 466 uronic acids is assumed to be involved in bonding between polysaccharide chains. The 467 release of larger polysaccharides with relatively high Mol % Gal-URA as observed for E. 468 huxleyi in this study may be an important first step for high TEP concentrations, observed 469 previously (Engel et al. 2004 , Harlay et al. 2009 ). However, absolute rates of ER were 470 relatively low and apparently insufficient to induce TEP formation during this study. Engel et 471 al. (2014) suggested that responses to variations in environmental factors, specifically to 472 changes in nutrient supply, are responsible for excess carbon accumulation inside the cell and 473 for exudation of carbohydrates. Sampling during this study was conducted during the period 474 of steady state growth. This may explain the observed relatively low rates of ER, including 475 potential TEP precursors. 476 477
Monomeric composition of CCHO 478
Natural seawater (NSW) used in the present study to prepare the nutrient media was collected 479 from the North Sea and kept under dark and cool conditions for several months before usage. 480 HMW-dCCHO monosaccharide composition of NSW was dominated by Glc (24 Mol %) and 481
Man/Xyl (24 Mol %). Also high Mol % (~10) of Fuc, Gal, Gal-URA and GlcURA 482 were determined, while other monomers were of minor importance (Fig. 3b, left panel) . The 483 composition of the aged NSW used here differs from those obtained from the Northwest 484 Atlantic, the Sargasso Sea and the Gulf of Mexico (Aluwihare et al., 1997 and references 485 therein), especially concerning comparably low proportions of Rha and Gal (Fig. 3b, left  486 panel). Differences in carbohydrate composition of the seawater can be explained by seasonal 487 or geographical divergences as well as by storage time of NSW. Monomeric composition of 488 HMW-dCCHO released by E. huxleyi during the present experiment was substantially 489 different from the initial NSW composition (Fig. 3b) and the compositional shift was 490 primarily induced by a profound relative increase in Ara. The HMW-dCCHO and pCCHO 491 derived from E. huxleyi during this experiment contained a similar composition as 492 determined earlier for cellular and extracellular carbohydrates derived from this species (De 493 Jong et al. 1979 , Fichtinger Schepman et al. 1979 , Nanninga et al. 1996 , Bilan & Usov 2001 . 494 Cellular pCCHO of E. huxleyi differed clearly not only from NSW but also from HMW-495 dCCHO (Fig. 3b, right panel) . This is in accordance with previous studies showing 496 differences between intracellular and extracellular CCHO compositions for various algae 497 (Mague, 1980 , Aluwihare, 1999 . 498 499 Neutral sugars generally dominated the HMW-dCCHO composition with ~83 mol %. These 500 results are consistent with findings by Aluwihare (1999) , who report on HMW exudates from 501 E. huxleyi being mainly composed by neutral polysaccharides with Ara as the dominant 502 monomer (30 Mol %). However, the fraction of Ara observed during this study is 503 considerably higher than reported for ultrafiltered DOM (>1 kDa) by Biersmith and Benner 504 (1998) who also investigated non-axenic E. huxleyi as batch culture, and for HMW-dCCHO 505 sampled during a field study in the Bay of Biscay, when coccolithophores and presumably E. 506 huxleyi was the dominating phytoplankton organism ; both studies 507 reported Ara of ~3 % Mol. Apart from well documented species specific differences in 508 CCHO composition (Aluwihare and Repeta, 1999 , Myklestad, 1974 , Myklestad et al., 1989 , 509 variations in the composition of algal extracellular carbohydrates may be related to 510 physiological and ecological functions. Although freshly produced DOC is generally a 511 primary substrate for heterotrophic uptake, E. huxleyi exudates were shown to exhibit 512 recalcitrant features (Nanninga et al., 1996) . Degradation experiments with the diatom 513
Thalassiosira weissflogii revealed a special role of Ara in carbohydrate accessibility, as it 514 escaped bacterial degradation over a period of two weeks (Aluwihare and Repeta, 1999) . 515
Bacterial cell numbers during the present experiment were relatively high, between 2 and 3 x 516 10 6 mL -1 , contributing ~2 % to particulate organic carbon (POC) and ~3 % to DOC (Engel et 517 al. 2014) . Assuming a bacterial growth efficiency of 60 % (upper limit, Del Giorgio and 518
Cole, 1998), the bacterial carbon demand could have been about 2 % of POC and 5 % of 519 DOC. Relative to the freshly produced DO 14 C derived from rate measurements, however, a 520
share of up to 20 % may have been channeled into heterotrophic turn-over. This means that e 521 ER would be underestimated by 20% at most. The HMW-CCHO was thus to some extent 522 subject to bacterial reworking and the high proportions of Ara may be a result of the selective 523 removal of other monomers. In accordance with the findings of Aluwihare (1999) , 524 concentration of Ara in dCCHO remained unchanged during a degradation experiment with 525 the same E. huxleyi strain investigated here, while dCCHO were reduced by ~60 % (Piontek 526 et al. 2010; J. Piontek pers. comm., 2014) . However, we would expect that extensive 527 microbial degradation of larger dCCHO would lead to an increase of Ara Mol % in the small 528 size fraction. But this was not observed. 529 530 Alternatively, high Mol % Ara and low Mol % Glc may indeed be a characteristic of larger 531 carbohydrate molecules released by E. huxleyi that are recalcitrant to microbial 532 decomposition. Assuming these components are bad substrates for microbial utilization, their 533 controlled exudation, if physiologically necessary, may be ecologically advantageous for 534 algal cells that are competing with bacteria for nutrients such as phosphorus. This 535 corroborates earlier findings of DOM produced at P-depletion being more resistant to 536 bacterial degradation (Obernosterer and Herndl, 1995, Puddu, 2003) . On the other hand 537 bacteria recycle organic phosphorus and a certain degree of bacterial activity will be 538 advantageous for regenerated productivity of algal cells. So far, little is known on how 539 nutrient limitation affects the composition of algal release products. We suggest that nutrient 540 availability may be one factor responsible for variability in carbohydrate composition 541 observed during various studies (Giroldo et al. 2005 , Goldberg et al. 2010 , Engel et al. 2013 . 542
Assuming a certain degree of microbial modification, another explanation for the difference 543 of CCHO composition between culture studies, and those observed in natural seawater may 544 be the highly specific linkage between algal release and bacterial community response, 545
proposed by a series of recent studies (Teeling et al 2012 , Taylor et al. 2014 , Kabisch et al. 546 2014 . These showed that the release of algal polysaccharides can induce a succession of 547 bacterial communities inhabiting different abilities for enzyme expression related to specific 548 carbohydrate degradation. Because the majority of marine bacteria cannot be kept in culture, 549 bacteria present in this chemostat study, and likely in all culture experiments, represent only a 550 small fraction of the natural diversity. The bacteria present in this study may have left a 551 different fingerprint on polysaccharide composition than natural communities. Short-term 552 incubation studies with natural bacterial communities may be required to better understand 553 the microbial fingerprint on DOM, specifically polysaccharide degradation. A better 554 understanding of the microbial fingerprint on DOM could also allow for tracing microbial 555 degradation activities in specific environments, such as the ocean's anoxic zones, or the 556 extreme oligotrophic seas. 557 558
Size fractionation of CCHO and DOC -Considerations on extracellular release 559
Quantitatively, each DO 14 C size fraction contributed similar amounts to total DO 14 C with 560 slightly higher proportions in the very large fraction ( Fig. 1 and Table 2 ). Release rates of 561 HMW-dCCHO were similar for the different size fractions, but highest in the very large 562 fraction (Fig. 2, Table 2 ). On a total basis, ~40 % of produced DO 14 C were characterized as 563 freshly produced HMW-dCCHO (Table 2) . Contribution of dCCHO to fresh DOC was 564 lowest in the small size fraction (30 %) and highest in the very large (60 %) fraction (Table  565 2). Monomeric composition of different size classes of dCCHO enriched by E. huxleyi 566 exudates was profoundly different from those of the aged NSW used as culture media (Fig.  567 3). In aged NSW, monomers were more evenly distributed among size fractions (Fig. 3b, left  568 panel). In comparison, differences in monomeric composition of size classes in E. huxleyi 569 exudates were largely due to changes in Ara, Glc, and Gal-URA. Most remarkably, Ara the 570 dominant monomer in all larger dCCHO size classes, was of minor importance in the small 571 dCCHO size fraction and lowest in the particulate fraction (Fig. 3, right panel) . This is in 572 accordance with the findings of Biersmith and Benner (1998) , who also observed lower Mol 573 % Ara for particulate components of an E. huxleyi culture as well as for the cell lysate. In 574 contrast to Ara, Mol % Glc in our study was highest in the particulate and small fraction, 575 relatively small in the medium to large, and negligible in the very large fraction. This also 576 agrees well to earlier findings; Skoog et al. (2008) observed larger Mol % of Glc in LMW-577 CCHO than in HMW-CCHO, while reporting less Mol % Ara in LMW-than in HMW-578 CCHO. Thus, differences in size fractions of combined sugar molecules may be one factor 579 responsible for differences in CCHO composition of DOC between study sites. 580
581
In general, carbohydrate composition in the smallest size class was similar to cellular 582 pCCHO composition, while larger molecules were more distinct (Fig. 3, right panel) . The 14 C 583 method (Steemann Nielsen, 1952) , applied here to measure primary production and ER of 584 organic carbon does not allow distinguishing if DOC is released from the cell passively, i.e. 585 by leakage, or actively by exudation. Leakage is hypothesised to be directly related to 586 biomass and cell size, suggesting a constant value of passive PER. The composition of the 587 small size class, and particularly the high share of Glc, resembled the cellular carbohydrate 588 composition (Fig. 3b, right panel) . This finding suggests a non-selective, i.e. passive, release 589 of carbohydrates in the smallest size class determined here. Storage glucans in algae are 590 comprised exclusively by Glc in D formation and have a molecular weight of 5 -10 kDa. D-591
Glc was reported as major component of coccolith polysaccharide (CP) of E. huxleyi 592 (Fichtinger Schepman, 1979) . For chloroplasts in higher plants, porins are described that 593 allow trans-membrane passage of hydrophilic molecules like sugars and amino acids up to a 594 molecular weight of 10 kDa without the use of energy (Flügge and Benz, 1984; Mohr and 595 Schopfer, 1992) . The existence of porins in cell membranes of algae is likely but not 596 explicitly reported. If DO 14 C >1 and <10 kDa and associated carbohydrates leak from the cell 597 in accordance to the passive diffusion model, this extracellular release is presumably linear 598 correlated to biomass (property tax -Sharp 1977) . For molecules >10 kDa, however, 599 different mechanisms for the extracellular release are to be expected, since larger molecules 600 cannot pass the membrane by diffusion, and CCHO composition clearly differs from 601 intracellular CCHO (Fig. 3b, right Program of the U.S. National Science Foundation through the ADAGIO Project. 637 Very Large 1000 kDa < HMW-dCCHO <0.45 µm 1000 kDa < DO 14 C < 0.40µm Large 100 kDa < HMW-dCCHO <1000 kDa 100 kDa < DO 14 C <1000 kDa medium 10 kDa < HMW-dCCHO <100 kDa 10 kDa < DO 14 C <100 kDa Small 1kDa< HMW-dCCHO <10 kDa DO 14 C <10 kDa *: Data for HMW-dCCHO for Natural seawater and E. huxleyi taken from Aluwihare (1999) for comparison. Here, only neutral carbohydrates are included, since amino-and acidic HMW-dCCHO were not analyzed.
Figure 4
Proportions of glucose (Glc) and galacturonic acid (Gal-URA) in high molecular weight (HMW > 1 kDa) dissolved combined carbohydrates (dCCHO) of different molecular weight size classes as defined in table 1. Due to the strong similarity between the present day and high CO 2 culture, both were treated as replicates. Bars show the average (± standard deviation) of replicate samplings (sampling 3-5, n=6) accomplished during the steady state period of the experiment. 
